PARAMAGNETIC RESONA1CE ABSORPTION IN TWO SULFATES OF COPPER I. Introduction
Resonance absorption of radiation by paramagnetic ions in a static magnetic field has been investigated at this Laboratory in two salts of copper. This type of experiment was first reported by Zavoisky (1) and later by Cummerow, Halliday, Moore and Wheately (2) , (3) , (4) , and Weiss, Whitmer, Torrey and Hsiang (5), (6) .
In the present experiments the widths and positions of absorption lines in single crystals of CuS04 5H 2 0 and CuK2(S04)2 6H20 were determined for various orientations of the crystal in the static field. Measurements were also made on powders of the two salts. All of these measurements were at room temperature and at a wavelength of about 3.25 cm.
The magnetic characteristics of an ion in a solid, influenced by the electric field due to the surrounding atoms, can be quite different from the properties of the same ion in the free state (7) .
If a Cu
+ + ion is situated in an electric field of sufficient strength and of sufficiently low symmetry, the lowest energy level has only a two-fold spin degeneracy and is separated from the next higher level by an interval large compared to KT at room temperature (8) . This results in an effective partial quenching of the orbital contribution to the magnetic moment. Also, the magnitude of the splitting in an external magnetostatic field of the degeneracy in the lowest level is determined by the spin quantum number, S, rather than the total angular momentum quantum number, J. The splitting factor, g, is given by
where p is the effective magnetic moment of the ion in units of the Bohr magneton. This factor multiplied by the Bohr magneton, , and the external magnetic field, H, gives the magnetic splitting
In cases where the symmetry of the electric field is less than cubic, the value of p is a function of the orientation of the electric field with respect to the magnetic field. The value of g can also be affected by exchange coupling bet!-een magnetic ions (see §IIID). It has been shown experimentally (1) (2) (3) (4) (5) (6) and theoretically by others(9)thatif the ions are subjected to an alternating magnetic field at right angles to H there will be observable resonance absorption at the frequency v in Eq.(2) provided relaxation conditions are favorable.
II. Experimental Method

A. Microwave Equipment
The paramagnetic crystal is placed at the center of a rectangular microwave resonant cavity which is driven in the TE 1 0 2 mode. This central position is the point of maximum r-f magnetic field and minimum r-f electric field and is therefore the position affording maximum sensitivity in magnetic absorption measurements. The cavity is placed between the pole faces of an electromagnet in such a way that the oscillating magnetic field is orthogonal to the magnetostatic field H.
An iris of adjustable aperture couples the cavity to one side arm of a waveguide magic T whose other side arm is terminated in a matched load. (The load is matched to about 1.01 VSWR at each operating frequency by means of a calibrated tuning screw.) The other two magic T arms are connected through matched attenuators respectively to a reflex klystron and to a crystal detector. The detected signal is then proportional to the power reflected from the cavity which is, to a good approximation, related to the cavity Q by The external Q will be unaffected by the magnetostatic field, while the reciprocal unloaded Q will be proportional to the sum of the electrical and magnetic losses in the cavity. By observing Pr as a function of the magnitude of H, and by using Eq.(3), one can obtain the relative magnetic absorption as a function of H. To check the constancy of Pi, readings of Pr for zero applied magnetic field are taken before and after each run. The experimental procedure follows: The iris is adjusted, with the sample crystal in place in the cavity and no static magnetic field applied, so that P/Pi is roughly 0.1 at resonance. The klystron is square-wave modulated with the carrier frequency frequency at the cavity resonant frequency. The detector signal is applied to an amplifier tuned to the fundamental of the square-wave modulation and the amplifier utput is read on a meter. For each setting of the static magnetic field the oscillator frequency is adjusted for minimum reflection from the cavity. This is important because the magnetic resonance not only affects the Q of the cavity but slightly changes the cavity resonant frequency. This frequency shift is negligible compared to the width of the magnetic absorption, but is sometimes appreciable compared to the width of the cavity resonance. Frequency is measured by means of a resonant cavity wavemeter. Meter reading (relative reflected power) as a function of the magnitude of H is then recorded.
In the case of the two salts reported here, the meter reading for very high magnetic field was the same as for zero field, indicating the absence of zero-field magnetic absorption.
B. Measurement of Magnetic Field
A rotating coil, driven by a synchronous motor, is placed in the magnetic field. The generated 30 cps voltage is connected in series with 3000 cps voltage, controlled by a calibrated potentiometer, and the resultant signal is applied to an oscilloscope with a 60 cps sweep. The oscilloscope pattern serves as an accurate null indicator and the magnetic field strength is proportional to the potentiometer reading at null setting. 
C. Crystal Orientation
The sample crystal is oriented on an optical goniometer and then transferred to the cavity in such a way that its orientation with respect to the cavity is known. The crystal is fastened with polystyrene cement to a rotatable polystyrene shaft which is perpendicular to H.
A pointer and dial indicate the shaft position. After a series of runs on a given crystal, the crystal and its holder can be transferred from the cavity back to the goniometer and the orientation rechecked. Overall error in orientation is about + 2°. Polder (8) has calculated the splitting of the Cu ground state ( 2 D) in a tetragonal electric field, and the effect of the splitting on the magnetic moment of the ion. He finds that
where 11I " and IliU refer to the orientation of the tetragonal axis with respect to the external magnetic field H, X is (L.S), the spin-orbit coupling energy in the ion, F 3 the energy of the lowest level of the 2D state split by a tetragonal field, and F 4 and F 5 are two higher levels.
The tetragonal axes associated with the two Cu + + ions are oriented 820 apart. Calling these axes Z I and ZII, the axes of principal sus6eptibility are a = bisector of the acute angle between ZI and ZII p = bisector of the obtuse angle between Z I and ZII 
N = Avogadro's number P = the Bohr magneton k = Boltzmann's constant
C. Line Widths
From purely geometrical considerations, neglecting exchange interaction, there should be in general two resonance absorption peaks for a given orientation, since the axes Z I and ZII make different angles with H (see Eq.6). However, for all poisitons of rotation of the crystal mounted with " normal to H, these two angles are equal and the absorption lines corresponding to the two Cu + ions in the unit cell are therefore exactly superimposed. Under these conditions the line width at half maximum absorption was found to vary from 55 gauss with the magneto- Table I static field parallel to the "y" axis to 100 gauss with the field parallel to the "a" axis. This variation is shown in Figure 1 .
Van Vleck(13) has calculated the line width to be expected from magnetic dipolar interaction alone and has shown that the addition exchange of interaction between the magnetic ions will have the effect of narrowing the line. In CuS0 4 5H 2 0 the "dipolar" line width would be approximately 475 gauss. The large discrepancy between this and the observed line widths is evidence that there is strong exchange interaction between the Cu++ ions in this salt.
D. Effect of Exchange Interagtion on Line Position
If the sample crystal is mounted in the microwave cavity so that its "" axis (155 0,68,500°from a,b,c) is along the rotatable shaft, there will be positions of rotation at which the axes Z I and ZII make different angles with H. Even so, only one absorption peak is observed. In Figure 3 be peaked near H(g 1) due to the greater geometrical probability of the perpendicular orientation. If there is strong exchange coupling, however, the unit of integration must be the complete unit cell having no g-value higher than g. In this case the line should extend from H(g ) to H(g ) and should be peaked near H(ga), since the near equality of ga' gp and all g-values in the plane of a,P causes a high geometrical probability of this value of g. The observed powder absorption ( Figure 6 ) corresponds again to the strong coupling model. 
There is no x-ray information on the CuK2(SO 4 ) 2 6H20 salt, but in an x-ray investigation by Hofmann(16) of similar salts, XY 2 (So 4 ) 2 6H 2 0, the ion corresponding to Cu++ was found to be located at the center of a water-oxygen octahedral complex which is analogous to that found in CuS04.5H 2 0. There are again two Cu++ ions in the unit cell and the axes Z I and ZII are differently oriented.
(The potassium ion is diamagnetic.) Susceptibility measurements by Miss Hupse (17) reveal that one of the magnetic axes in CuK 2 (S0 4 ) 2 .6H 2 0 is along the b" (ortho) axis and the other two lie in the plane of the "a" and "c" axes. The susceptibility experiment leaves an ambiguity as to which magnetic axis is the one normal to the plane of Z T and ZII (8) shown in Figure 8 . The angle is calculated from Eq.(5b), assuming that the electric fields associated with the two Cu++ ions are tetragonal and identical except in orientation. Angles * and are directly measured (see Figure 2) .
B. Measured g-values
Rotating the crystal about its "b" (or ") axis (which is kept orthogonal to the magnetostatic field H), observing line positions and using Eq. (2), one finds the g-values shown in Figure 2 . From this curve go and g are obtained, and from the orientations at which maximum and minimum g-values occur the orientations of the "" and "'y" are known.
The value of g is then obtained by rotation about "y". With the help of Eq.(5b), gi 1 and g can then be calculated. These values are listed in Table I Table II .) The good quantitative agreement between observed and calculated line widths is a strong indication that there is very little exchange interaction between the paramagnetic ions in this salt.
D. Effect of Exchange CouplinE on Line Position
If the "'y" axis is perpendicular to H there should be some rotation positions at which a separate absorption peak for each Cu++ in the unit cell is observed (cf. IIID). In CuK 2 (S0 4 ) 2 GH 2 0 this is actually the case, as is shown in Figure 4 . The arrows in the figure indicate expected positions of the separate peaks calculated from Eq.(6).
-12-Resolution of these two peaks shows that the exchange coupling between the paramagnetic ions is much less in the double salt than in the single salt, which is to be expected since the ions are closer together in the latter.
The fact that two peaks are obtained with "y" normal to the external field proves that ""yl and not "a" is the axis normal to the plane of ZIzII.
E. Absorption in Powder
The absorption line in powdered CuK 2 (S0 4 ) 2 -6H 2 0 (Figure 7) has a maximum near H(gl), corresponding to the weak coupling model (cf. IIIE).
V. Summary
Copper sulfate and copper potassium sulfate are similar in the following respects. In the unit cell of each there are two Cu++ ions, each ion located at the center of an electric field of approximately tetragonal symmetry. The axes of symmetry are oriented about 800 apart.
Dissimilarities in the magnetic properties of the two salts arise mainly from the difference in concentration of the paramgnetic ions. Denoting the two different Cu + + ions in the unit cell as CuI and CuII, the spacings shown in Table II exist in the two salts. The closer spacing in the single salt has two marked effects, both due to exchange coupling between the paramagnetic ions. In CuS0 4 5H2O: (a) the absorption lines are much narrower than would be predicted by dipolar coupling considerations alone, and (b) for orientations of the crystal at which there should be separate lines for CuI and CulI, only one line is observed. The second effect depends upon exchange coupling of the type of CuI-CuII while the first depends upon any of the types, CuI-CuI, CuII-CuII, or CuI-CuII. Neither of these effects is noted in CuK2(S04)2' SH2 .
The difference in the magnitudes of the crystalline electric field splittings in the two salts is not related to exchange coupling, but is rather an indication that the octahedral water-oxygen complex is of smaller dimensions in the single salt.
